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The purpose of this study was to use a canine preparation 
of experimental aortic stenosis to compare estimates of 
pressure gradient derived from continuous wave Dop•
pler ultrasound with gradients measured directly by 
catheterization. Aortic stenosis was created in six mon•
grel dogs by placing an elastic band around the aorta. 
Eighty-eight different pressure gradients, ranging from 
S to 160 mm Hg, were produced by variable tightening 
of the aortic band. Pressure gradients were measured 
by micromanometer-tipped catheters placed in the left 
ventricle and aorta. Doppler spectral signals were si•
multaneously obtained using a 2.0 MHz nonimaging 
transducer placed directly on the surface of the ascend•
ing aorta. Doppler and pressure recordings were ana•
lyzed using a custom-designed software program to mea•
sure maximal instantaneous, mean and peak to peak 
gradients, as well as ejection and acceleration times. 
Maximal instantaneous Doppler gradient showed an 
excellent linear correlation with maximal instantaneous 
catheterization gradient (r = 0.98, SEE = 5.3 mm Hg). 
The correlation of Doppler-estimated maximal gradient 
The severity of aortic stenosis is often difficult to reliably 
assess by clinical examination, especially in the elderly. 
Physical findings in this disorder are highly dependent on 
etiology of the valvular disease, cardiac output, heart rate, 
inotropic state of the left ventricle and elasticity of the pe•
ripheral vessels (1-3). Therefore, a variety of noninvasive 
techniques have been employed in an attempt to quantify 
aortic obstruction. 
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to peak to peak catheterization gradient was also linear 
(r = 0.97, SEE = 6.2 mm Hg) but resulted in a sys•
tematic overestimation of pressure drop (mean overes•
timation = 9.0 mm Hg). Measurement of the Doppler 
gradient at mid-systole resulted in a more accurate cor•
relation with the peak to peak catheterization gradient 
(r = 0.98, SEE = 6.1 mm Hg) and eliminated the prob•
lem of overestimation. An excellent correlation was also 
seen between Doppler and catheterization-derived mean 
gradients (r = 0.98, SEE = 3.5 mm Hg), whereas cor•
relations between Doppler and catheterization ejection 
and acceleration times were only fair (r = 0.79 and r 
= 0.57, respectively). The results in this experimental 
model suggest that pressure gradients obtained from 
continuous wave Doppler spectral patterns are quite ac•
curate in predicting corresponding cardiac catheteriza•
tion measurements. In addition, an alternate method 
using the Doppler mid-systolic velocity appears to offer 
advantages in the prediction of the peak to peak gradient 
at cardiac catheterization. 
(J Am Coli CardioI1985;6:1306-14) 
Both M-mode and two-dimensional echocardiography have 
been advocated as reliable techniques for the quantification 
of aortic valve area. M-mode techniques were quickly found 
to be unreliable in the quantitation of stenosis of any of the 
cardiac valves (4,5). Although two-dimensional echocardi•
ography has proved to be an accurate method for assessing 
mitral valve area, studies have shown that echocardio•
graphic images are limited in the assessment of aortic valve 
area (6,7). Until recently no noninvasive techniques have 
existed by which to consistently distinguish patients with 
hemodynamically significant aortic valve obstruction from 
those with functional murmurs of aortic sclerosis. 
Recently several studies (8-12) have suggested that con•
tinuous wave Doppler ultrasound can provide reasonable 
estimates of the severity of transvalvular obstruction in aor•
tic stenosis. Thus, utilizing multiple assumptions, the Ber-
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noulli equation has been modified to enable the estimation 
of transvalvular gradient from blood flow velocity (8,13). 
However, it remains uncertain which of several hemody•
namic variables, including maximal instantaneous, mean 
and peak to peak pressure drops, are best predicted by Dop•
pler measurements. Although previous animal and human 
studies (8,12,14,15) have suggested that the Doppler en•
velope represents maximal instantaneous velocity, the re•
lation between this velocity and the peak to peak trans val•
vular gradient customarily measured at cardiac catheterization 
remains unknown. Moreover, no data exist regarding the 
relation between mean systolic velocity by Doppler record•
ing and mean pressure gradient, the measurement used to 
calculate aortic valve area by the Gorlin formula. Finally, 
no data are available validating the accuracy of this approach 
in an experimental setting free from impediments to the 
transmission of ultrasound that may be encountered clini•
cally. Therefore, this experimental study was designed to 
compare simultaneously recorded Doppler spectral signals 
and high fidelity catheter pressures in an experimental canine 
model of aortic stenosis. 
Methods 
Animal preparation. Six mongrel dogs weighing 21.0 
to 25.9 kg (mean 23.5) were anesthetized using intravenous 
sodium pentobarbital (30 mg/kg body weight). The animals 
were ventilated with a Harvard ventilator by means of an 
endotracheal tube using 5 mllkg room air at ) 5 to 25 
breaths/min. Core temperature was monitored with a rectal 
probe and maintained at 28 ± 2°C with a heating pad. After 
the anterior chest was entered by a median sternotomy ap•
proach, the pericardium was opened and the heart was sus•
pended in a pericardial sling. The fat pad encasing the prox•
imal great vessels was then removed and the aorta and 
pulmonary artery were carefully separated just above the 
semilunar valve planes. The aorta was then encircled with 
an elastic band I cm in width. The band could be easily 
tightened circumferentially to produce aortic stenosis and 
could be secured for several minutes by a clamp while 
recordings were made. When the elastic band was loosened, 
the degree of obstruction quickly returned to baseline with 
no significant residual stenosis. No changes in pressure gra•
dient were observed during the recording period, which 
ranged from 1 to 3 minutes. Progressive tightening of the 
aortic band was carried out in an attempt to produce gra•
dients in increments of approximately 10 mm Hg to the 
point of total obstruction. 
Hemodynamic measurements. After careful balancing 
and calibration, an 8F high fidelity, micromanometer-tipped 
catheter (Millar) was inserted into the right femoral artery 
by direct cutdown. This catheter was then advanced to the 
proximal aortic root under the guidance of pressure record-
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ings and echocardiography. A second high fidelity catheter 
was similarly inserted into the right carotid artery and ad•
vanced to the mid-left ventricular cavity. Once the desired 
positioning was obtained, the catheters were secured with 
ties and pressure recordings were checked for phase lag, 
artifacts or damping of the waveform. 
Aortic and left ventricular pressure tracings were dis•
played simultaneously with electrocardiographic lead II on 
a multichannel oscilloscopic recorder (Honeywell E/M, VR-
12), and a hard copy printout was obtained at 100 mrnls 
paper speed. During aortic banding, pressures were moni•
tored on the oscilloscope and were allowed to stabilize for 
2 minutes before recording. 
Cardiac output determinations were obtained at each 
pressure gradient by the thermodilution technique. A 7F 
Swan-Ganz thermodilution catheter was positioned in the 
pulmonary artery from the right internal jugular access site, 
and was interfaced to an Edwards Cardiac Output Computer 
(model 9520 A). Cardiac output was determined from the 
mean value of three injections of iced saline solution sam•
pled in the pulmonary artery after injection into the proximal 
port. 
Doppler measurements. Continuous wave Doppler re•
cordings were obtained at baseline, and simultaneously with 
pressure recordings at each level of stenosis produced by 
aortic banding. A 2.0 MHz nonimaging continuous wave 
transducer (Pedof) interfaced to a commercially available 
two-dimensional echographic-Doppler unit (Irex System IIIB) 
was positioned directly on the wall of the transverse aorta 
approximately 5 cm above the aortic band. The output of 
the Doppler unit was presented both in an audio format 
using standard phonographic speakers, and as a full spectral 
waveform obtained by a chirp Z transform. The spectral 
signal was displayed as velocity, calculated as: 
fd • C 
V=---
2fo cos (J , 
where fd = received Doppler frequency; fo = transmitted 
Doppler frequency; V = velocity of red cells; cos (j = 
cosine of the angle of incidence between interrogating beam 
and red cell; and c = velocity of sound in tissue (1,540 
crnls). The velocity was plotted on a vertical axis, with the 
amplitude of any velocity displayed in a gray scale. The 
hand-held transducer was directed in as parallel a fashion 
as possible to the plane of the ascending aorta, and was 
angulated to locate the maximal poststenotic jet that was 
identified as having the highest velocity spectral reading and 
high pitched whistling audio signals. The transducer was 
removed during each tightening of the band, but visual note 
was taken of its position and location on the aorta so that 
it could be returned to the same spot for recording. However, 
to ensure that the beam direction was constant, the highest 
velocity jet was meticulously searched for before each re-
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cording was made. The angle between blood flow and in•
terrogating beam was assumed to be 0° and no correction 
factor for intercept angle was used to convert frequency to 
velocity. Standard gray scale and reject settings were used. 
Hard copy printout of at least 20 beats of Doppler spectral 
signal with electrocardiogram was recorded at 50 or 100 
mmls paper speed on the most expanded velocity scale pos•
sible (0.5 to 2.0 mls). The beginning and end of Doppler 
and aortic left ventricular pressure recordings were simul•
taneously indicated by event markers so that beat by beat 
comparison could be made. Only the highest quality spectral 
signals, in which the outer border of the Doppler envelope 
was clearly displayed throughout systole, were judged ac•
ceptable for analysis. 
Analysis of data. A beat by beat comparison between 
simultaneously recorded Doppler velocity spectra and aortic 
left ventricular pressures was performed using a custom•
programmed microprocessor-based computer (Gifford 
CompuPro, System 8115). For each individual gradient level, 
the outer border of the pressure and spectral Doppler curves 
was traced using a digitizing pad and cursor, and individual 
measurements were obtained as the average of three beats. 
All Doppler pressure gradients were automatically cal•
culatedfrom the traced velocity waveforms based on a mod•
ification (8) of the Bernoulli equation: dP = 4y2, where 
Y is the Doppler velocity in meters per second, and dP 
represents the pressure drop across the obstruction. Doppler 
waveforms were analyzed for maximal instantaneous gra•
dient, mid-systolic gradient and mean gradient in milli•
meters of mercury; flow velocity integral in centimeters; 
ejection time (ET) in milliseconds; acceleration time (AT) 
in milliseconds; and AT/ET ratio. The maximal instanta•
neous gradient was taken as the highest point along the outer 
edge of the spectral envelope. Mid-systolic gradient was 
taken as the outer edge of the signal at the midpoint of flow. 
Mean gradient was calculated from the planed area of the 
Doppler gradient envelope, divided by ejection time. Flow 
velocity integral represents the integrated area under the 
Doppler spectral curve. Acceleration time and ejection time 
were measured from the onset to peak flow and the onset 
to the end of the forward flow signal, respectively. 
A similar computer analysis was performed on the cath•
eterization-derived pressure tracings using corresponding 
cardiac cycles. Because pressures were recorded using high 
fidelity catheters positioned on opposite sides of the valve, 
there was no need for phase lag or overshoot corrections. 
Maximal instantaneous gradient in millimeters of mercury 
was defined as the greatest pressure difference between aor•
tic and left ventricular pressures observed at any point during 
systole. During banding, the maximal instantaneous gra•
dient typically occurred early in systole, before peak pres•
sures were achieved (Fig. 1). Peak to peak gradient was 
defined as the difference between the highest aortic and 
greatest left ventricular pressures, regardless of when they 
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DOPPLER: 
Max G = 64 mm Hg 
Mean = 37 mm Hg 
CATHETERIZATION: 
Max G = 62 mm Hg 
p-p G = 48 mmHg 
Mean G = 36 mm Hg 
Figure 1. Simultaneous pressure and Doppler recordings during 
aortic banding. The calculated maximal instantaneous catheteriza•
tion gradient (Max G), peak to peak gradient (P-PG) and mean 
catheterization gradient (Mean G) (indicated by the shaded area) 
are shown. Maximal instantaneous Doppler gradient was taken 
from the highest point on the outer border of the Doppler velocity 
(Y) envelope in meters per second and converted to pressure by 
4 y2. The mean Doppler gradient was calculated by planimetry 
of the outer border of the envelope (outlined by dashes), converting 
the data to a gradient and dividing by time using a computer. 
occurred in systole. It is noteworthy that these peak pres•
sures usually did not occur simultaneously when significant 
aortic stenosis was present, but that the aortic peak often 
followed peak left ventricular pressure. Mean pressure gra•
dient was calculated using the area, as measured by pla•
nimetry, between aortic and left ventricular pressures, di•
vided by ejection time. 
Statistical analysis. Doppler and catheterization data were 
traced on separate occasions by two observers who were 
unaware of each other's results. Doppler and catheterization 
gradients were compared by linear regression analysis. Like•
wise, velocity-time interval data (ejection and acceleration 
times) from pressure and corresponding Doppler curves were 
compared by linear regression analysis for the group of 
animals. Comparisons between maximal and peak to peak 
catheterization pressures and between maximal instanta-
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neous and mid-systolic Doppler gradients were made by 
using the Student's t test for paired data. 
Interobserver variability was calculated for Doppler mean 
and maximal gradients by two observers tracing three beats 
from 10 randomly selected Doppler recordings. The com•
parison between observers' values is expressed as percent 
difference. 
Results 
A total of 98 individual levels of stenosis were created, 
ranging from 5 to 160 mm Hg, with a minimum of 15 
gradients produced in any individual animal. However, data 
at 10 levels were considered suboptimal because of the 
inability to record adequate Doppler signals, catheter damp•
ing due to entrapment within the ventricular cavity, or the 
development of cardiac arrhythmia during banding. There•
fore, only the remaining 88 catheter and Doppler recordings 
were analyzed for comparison. 
Maximal instantaneous gradient (Fig. 2). The maxi•
mal instantaneous gradient recorded by catheterization ranged 
from 5 to 166 mm Hg (mean 54.1) and that obtained by 
continuous wave Doppler recording ranged from 7 to 171 
mm Hg (mean 55.6). There was an excellent correlation 
between maximal instantaneous gradients obtained by Dop•
pler recording and catheterization: y = 0.94x + 4.6 (r = 
0.98, SEE = 5.3 mm Hg). Importantly, the line of cor•
relation was very near the line of identity, signifying both 
a one to one and a linear relation. The largest single dis•
crepancy between Doppler and pressure values for the max•
imal instantaneous gradient was 16 mm Hg. 
Mean gradient (Fig. 3). Values for mean gradient ob•
tained from Millar catheter recordings ranged from 5 to 116 
mm Hg (average 35.2). Corresponding mean gradients cal•
culated from continuous wave Doppler recordings ranged 
Figure 2. Linear regression analysis showing the correlation be•
tween maximal instantaneous Doppler gradient (vertical axis) and 
maximal instantaneous catheterization (Cath) gradient (horizontal 
axis) for the 88 levels of aortic stenosis. There was an excellent 
correlation (r = 0.98, SEE = 5.3 mm Hg). 
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Figure 3. Linear regression plot showing the correlation between 
mean Doppler gradient and mean catheterization gradient. The 
correlation was the best observed (r = 0.98, SEE = 3.5 mm Hg). 
The regression line y = 0.994x + 1.7 approaches the identity 
line. 
from 5 to 127 mm Hg (average 36.5). Linear regression 
analysis between catheterization and Doppler data resulted 
in a correlation coefficient ofr = 0.98 and SEE = 3.5 mm 
Hg. The regression line was described by the equation y = 
0.994x + 1.7, indicating a direct absolute relation and small 
y intercept. 
Peak to peak gradient (Fig. 4). Peak to peak pressure 
gradients measured from catheterization data ranged from 
5 to 160 mm Hg (mean 46.3). Because this formulation of 
pressure gradient is essentially nonphysiologic, in that the 
respective peak pressures do not occur simultaneously, there 
was no Doppler counterpart for comparison. However, peak 
to peak gradient is customarily reported from the clinical 
catheterization laboratory, and thus is of clinical relevance. 
In fact, peak to peak gradients were significantly less than 
the maximal instantaneous pressure gradients from cathe•
terization (p < 0.001). When the peak to peak gradients 
Figure 4. Catheterization peak to peak gradient compared with 
Doppler maximal instantaneous gradient for the group of six an•
imals. The correlation was excellent (r = 0.97), but a consistent 
overestimation by Doppler ultrasound is indicated by a slope less 
than identity with a positive y intercept. 
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were compared with simultaneously recorded maximal Dop•
pler gradients, a good overall correlation was found y = 
0.92x + 12.6 (r = 0.97, SEE = 6.2). However, the 
maximal Doppler gradient overestimated peak to peak cath•
eterization gradient in 84 of the 88 instances, often by as 
much as 20 mm Hg (mean overestimation = 9.0 mm Hg). 
An important issue confronting the clinician in an indi•
vidual patient with aortic stenosis is whether a gradient is 
in the range suggesting the advisability of surgery. We there•
fore attempted to determine whether the overestimation of 
the gradient by Doppler recording applied equally well to 
the subsets of mild, moderate and severe levels of stenosis. 
When peak to peak pressure gradients were grouped into 
mild «25 m~ Hg), moderate (25 to 75 mm Hg) and severe 
(>75 mm Hg) categories, it was found that the maximal 
instantaneous gradient by Doppler technique was less ac•
curate in predicting peak to peak gradients in the mild 
(r = 0.81, SEE = 7.5 mm Hg) and moderate (r = 0.92, 
SEE = 5.4 mm Hg) ranges, but retained its accuracy in 
the severe range (r = 0.98, SEE = 4.2 mm Hg) (Table 
1). In addition, the maximal instantaneous gradient by Dop•
pler technique also had a tendency to overestimate mild 
degrees of stenosis, whereas slight underestimation was the 
rule in severe levels of pressure drop, as indicated by the 
slope and y intercepts in the regression equations. 
Intervals (Fig. 5 and 6). Ventricular ejection time as 
measured by catheterization ranged from 57 to 235 ms (mean 
132 ± 28), whereas ejection time by Doppler technique 
was slightly longer, 67 to 218 ms (mean 147 ± 22). Linear 
regression analysis of catheter-derived and Doppler ejection 
times yielded the equation y = 0.62x + 63.8, with r = 
0.79 and SEE = 13.6 ms. 
In previous work (8), a ratio of acceleration time to 
ejection time (AT/ET) of greater than 0.55 has correlated 
with a critical reduction of calculated aortic valve area. 
Therefore, measurements of acceleration time as the interval 
from onset of ejection to peak pressure by catheterization, 
and to peak velocity by Doppler recording, were also per•
formed to obtain an acceleration ratio (AT/ET). Although 
the highest Doppler ratio recorded in this study was 0.58, 
the majority of the ratios were between 0.20 and 0.40 (mean 
Table 1. Accuracy of Maximal Doppler Gradient in Predicting 
Peak to Peak Catheterization Gradient in Subsets 
of Aortic Stenosis 
p-p Cath Regression 
Subset n Gradient r Value SEE Equation 
Mild 22 o to 25 0.81 7.5 Y = 0.81x + 5.6 
Moderate 53 25 to 75 0.92 5.4 Y = 0.86x + 16.2 
Severe 13 75 to 175 0.98 4.6 Y = l.1x - 5.7 
n = number of gradients; P-P Cath = peak to peak catheterization; 
r = correlation coefficient; SEE = standard error of the estimate in mm 
Hg. 
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Figure 5. Linear regression analysis comparing Doppler versus 
catheterization ejection times in milliseconds. The overall corre•
lation was only fair (r = 0.79, SEE = 13.6 ms). 
0.35). Only a general correlation existed between Doppler 
and catheterization AT/ET ratios (r = 0.57). There was 
also only a general correlation between Doppler AT/ET ratio 
and severity of stenosis as measured by peak to peak gradient 
at catheterization (r = 0.76) (Fig. 6). 
Cardiac output and h{'ltrt rate. Cardiac output as de•
termined by the thermodilution method varied among ani•
mals from 1.52 to 3.28 literslmin (mean 2.06), but did not 
vary more than 480 ml for any dog during the experiment. 
Heart rate also remained relatively constant for each dog 
during the experiment both before and after banding (mean 
value 120 beats/min). 
Discussion 
Previous clinical studies (6-9) have generally shown a 
good relation between measurements of maximal aortic flow 
velocity determined from continuous wave Doppler record•
ings and aortic valve gradient obtained in the catheterization 
Figure 6. Linear regression analysis comparing Doppler accel•
eration time/ejection time (AT/ET) ratio with severity of stenosis, 
as indicated by peak to peak catheterization gradient. A general 
correlation is indicated (r = 0.76). 
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laboratory. Nevertheless, it has remained uncertain which 
catheterization gradient (maximal instantaneous, mean or 
peak to peak) was most closely related to Doppler mea•
surements. A considerable difference often exists among 
these various gradient measurements, especially in mild and 
moderate aortic stenosis, and most catheterization labora•
tories customarily report only the peak to peak gradient. 
Clinically, each of these formulations of gradient has 
seemed to correlate well with maximal Doppler gradient, 
because all catheterization-determined pressure drops will 
be increased concomitantly with velocity in the setting of 
worsening stenosis. However, we have noted a systematic 
overestimation of catheterization peak to peak gradient as 
determined by Doppler maximal gradient, especially in pa•
tients with mild or moderate aortic stenosis. Although some 
previous investigators (16) have reported no significant 
overestimation of catheterization gradient, they did not in•
clude patients with a gradient of less than 50 mm Hg. There•
fore, in the quantitation of aortic stenosis, the purpose of 
our experiment was to validate the continuous wave Doppler 
technique and to provide some insight into the relation be•
tween Doppler and various catheterization-derived gradients. 
The experimental model chosen for our study is similar 
in design to that used by Valdes-Cruz et al. (14) to validate 
the use of Doppler technique in pulmonary stenosis. The 
advantages of this open chest animal model are that nu•
merous different gradients can be quickly produced within 
the same dog, using high fidelity equipment to record the 
pressure waveforms. In our study no phase lag was present 
in these tracings because both catheters were positioned in 
close approximation to the aortic valve, and the problems 
common to fluid-filled systems, such as "overshoot" and 
"fling," were negated by the use of the micro manometer 
tip systems. The open chest design also allowed for optimal 
Doppler recordings obtained parallel to flow and without 
interference with sound wave transmission. We thereby were 
able to absolutely eliminate the potential for unrecognized 
offsetting errors of under- and overestimation of velocity 
such as might be encountered clinically. 
Doppler versus catheterization pressure gradient. 
Our data confirm that continuous wave Doppler techniques 
are extremely accurate in estimating the instantaneous pres•
sure drop across the aortic valve in aortic stenosis. The 
relation between Doppler maximal gradient and maximal 
catheterization gradient appears to approach identity. This 
confirms recent clinical data from both patients with pul•
monary artery banding (17) and adults with aortic stenosis 
(18). However, our data demonstrate that Doppler maximal 
instantaneous gradient overestimates the peak to peak cath•
eterization gradient by approximately 9 mm Hg. Impor•
tantly, the error is greatest with mild and moderate obstruc•
tion. Clinically this could be of some potential significance, 
because patients with only mild aortic stenosis may be judged 
to have a more severe gradient by this technique. 
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Mid-systolic Doppler gradient. Inherent in any quan•
titative effort is the concept that some relation exists between 
the severity of the disease process, as indicated by the mea•
surement, and symptoms, prognosis or the therapy indi•
cated. No solitary pressure variable is universally accepted 
as indicative of a poor prognosis and, therefore, the need 
for surgery in aortic stenosis. However, a pressure gradient 
of 50 mm Hg by the peak to peak method has been used 
as a time-honored criterion of advanced or severe obstruc•
tion in the presence of a normal cardiac output. Calculation 
of an aortic valve area by the Gorlin formula (19) using 
pressure and flow data has enabled detection of those pa•
tients with aortic stenosis who have an inappropriately high 
or low gradient with respect to valve area because of the 
level of cardiac output. Doppler estimates of valvular gra•
dient are susceptible to the same limitations in assessing 
aortic valve area as are invasive pressure measurements. 
However, it would seem desirable to obtain estimates of 
pressure drop by Doppler recording that are comparable with 
the peak to peak pressure measurements, which have served 
clinicians to assess the severity of aortic stenosis for many 
years. Thus, continuous wave Doppler recording should be 
judged on its ability to differentiate patients with aortic 
stenosis with a gradient of 50 mm Hg from those with a 
lower gradient. Therefore, we attempted to devise a method 
to more accurately predict the peak to peak pressure drop 
from continuous wave Doppler recordings. 
Overestimation of peak to peak catheterization gradient 
is a result of the delay in the increase of aortic pressure due 
to the presence of obstruction to flow. In mild aortic ste•
nosis, peak to peak gradient is small despite the high early 
systolic pressure drop because the aortic pressure eventually 
approaches left ventricular pressure late in systole. Because 
the continuous wave Doppler technique measures the in•
stantaneous gradient throughout systole, the recording shows 
a high initial velocity, reflecting the substantial difference 
between aortic left ventricular pressures early in systole. 
Nevertheless, the downslope of the Doppler signal occurs 
early in mild aortic stenosis, indicating an insignificant gra•
dient by late systole. This phenomenon is less of a clinical 
problem in severe aortic stenosis, in which the aortic pres•
sure curve is fairly flat and pressure drop is consistently 
large throughout systole. Accordingly, we examined the 
relation between the peak to peak gradient and that calcu•
lated from the Doppler recording in the latter part of systole. 
The data obtained in this study indicate that a useful 
estimate of peak to peak catheterization gradient can be 
derived by measuring the Doppler velocity at mid-systole. 
This measurement is performed by marking the beginning 
and end of the velocity profile, which define systole, and 
then measuring velocity in centimeters per second at the 
midpoint (Fig. 7). The pressure gradient obtained from this 
point is referred to as the mid-systolic gradient. Correlation 
between these values and peak to peak catheterization gra-
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dient was excellent in this study (r = 0.98, y = 0.99x + 
2.7, SEE = 6.1 mm Hg) (Fig. 8). Of greater importance, 
the regression line more closely approximates that of iden•
tity, with less overestimation than the previously described 
correlation for maximal instantaneous gradient versus peak 
to peak gradient (Fig. 4). As would be expected, these mid•
systolic gradient values were also significantly lower than 
maximal instantaneous pressure gradients (p < 0.001). This 
method does not provide a direct measure of peak to peak 
gradient, but merely corresponds more closely to the dif•
ference between peak left ventricular pressure (which occurs 
at or near mid-systole) and the corresponding aortic pres•
sure. However, the mid-systolic gradient closely approxi•
mates peak to peak gradient, and also faithfully reflects 
pressure differences of greater than 50 mm Hg. 
Figure 7. Simultaneous Doppler spectral signal and catheteriza•
tion pressures from an aortic banding representative of moderate 
aortic stenosis. The gradient at mid-systole (Mid-syst G) can be 
calculated by marking the onset (1) and end (2) of flow, then 
measuring the velocity in meters per second at the midpoint (3). 
The velocity is then converted to gradient by the modified Bernoulli 
equation. Other abbreviations as in Figure I. 
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Figure 8. Linear regression analysis showing the correlation be•
tween mid-systolic Doppler gradient and peak to peak catheter•
ization gradient. The correlation was excellent (r = 0.98, SEE 
= 6.1 mm Hg). The regression line more closely approximates 
that of identity, with less overestimation than that described in 
Figure 4. 
Mean gradient. Our study provides new alternatives for 
applying Doppler data to the quantitation of aortic stenosis. 
These data establish the aq:uracy pf computed Doppler mean 
gradient in determining mean gradient by catheterization. 
In the past, the mean systolic gradient has not been em•
phasized to the same degree as t\1e peak to peak pressure 
drop in assigning the severity of aortic stenosis. Accord•
ingly, the significance of any level of mean gradient will 
have less meaning for clinicians witq regard to prognosis 
and treatment. However, mean transvalvular aortic gradient 
is the basis for the calculation of valve area by use of tqe 
(iorlin formula (19). Thus, ass\lming a normal stroke vol•
ume of 70 ml and heart rate of 80 beats/min, a mean gradient 
of 38.5 mm Hg would result in a calculation of an aortic 
valve area of less than 0.70 cm2 • Further, because mean 
aortic gradient can be derived by Doppler recording, as 
demonstrated in this study, an estimate of the aortic valve 
area may be obtained either from right heart thermodilution 
cardiac output or noninvasively using echocardiographic 
methods to calculate stroke volume (11,20,21). 
Systolic ejection time intervals. The comparison be•
tween Doppler apd catheterization-derived interval mell•
s4rements demonstrated a good correlation for ejection time., 
and one that was slightly superior to that previously observep 
from human data (11). However, the correlation betweep 
Doppler and catheterization acceleration time/ejection time 
(AT/ET) was not as close as that reported by Hade et al. 
(8). In their work, predominantly involving children and 
using an analog output of a frequency estimator, a Doppler 
AT/ET ratio of more than 0.50 was nearly always associated 
with significant aortic &tenosis requiring valve replacement. 
Hatle and Angelsen (15) have recently reported that mea•
surements taken directly from Doppler spectral sigqals show 
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earlier peak velocities, and thus smaller AT/ET ratios, when 
compared with measurements made using the analog output 
of a frequency estimator. In our study, the AT/ET ratios 
were generally lower. Only 5 of 88 recordings had a ratio 
greater than 0.50, and four of these had a gradient above 
100 mm Hg, In addition to use of the spectral signal, the 
presence of a nonhypertrophied ventricle, rapid heart rate 
and lower absolute cardiac output in our acute animal model 
may also explain some of the differences in interval mea•
surements in our study. 
Limitations, The data presented here were obtained un•
der nearly ideal conditions. Nevertheless, certain potential 
sources of error are inherent to this experimental design: 
failure to localize the stenotic jet is always a potential prob•
lem with this technique, and the audio and spectral signal 
must be used to locate the highest frequency Doppler shift. 
The spectral output was used instead of analog signals for 
all measllrements, because the analog signal requires manual 
gain adjustments that are quite subjective (14). The Doppler 
spectral envelope was obtained from hard copy using max•
imized scale and chart speed, and on occasion it was difficult 
to detect the outermost edge of the Doppler envelope for 
digitization. This was particularly true with continuous wave 
measurements of ejection time, because the border of the 
spectral envelope may become lost in high gain noise near 
the baselihe Or be filtered out by band pass filters, To further 
quantify this error, 10 Doppler recordings with gradients 
ranging from 1 I to 95 mm Hg were randomly selected and 
independently traced by two observers. A comparison of 
calculated gradients for the two observers showed a 6.4% 
difference for mean values and a 6.2% difference for max•
imal iristantaneous values for the group of tracings, The 
percent difference was always largest for the low range 
gradients, 
The assumptions in the Bernoulli equation represent an•
other limitation to the estimation of gradient by continuous 
wave Doppler techniques. When the complex equatioh de•
scribing flow through a restricted orifice is simplified for 
more practical use, terms involving viscosity and convective 
acceleration are neglected. Although these factors are be•
lieved to be of little theoretic importance (8,13), their sig•
nificance in this acute model and in clinical studies is as yet 
unknown, In addition, because the basic relation between 
velocity and gradient involves a squared function, small 
errors of Doppler measurements are magnified, This may 
account for some of the overestimation seen with smaller 
gradients. 
The experimental preparation used most closely resem•
bles supravalvular aortic stenosis, because the obstruction 
did not involve the valve leaflets. Leaflet calcification and 
distortion of the aortic valve orifice are frequently seen in 
adult patients with aortic stenosis, and are important factors 
in determining eccentricity of opening and direction of the 
SMITH ET AL. 1313 
DOPPLER IN EXPERIMENTAL AORTIC STENOSIS 
jet. In addition, left ventricular volumes and inotropic state 
were not quantitated in this study, but both factors may be 
important in the determination of cardiac output and aortic 
valve gradient. Thus, several variables present in adult val•
vular aortic stenosis may influence the accuracy of this tech•
nique in the clinical setting. 
Clinical relevance. Our data, obtained in an animal model 
of aortic stenosis, demonstrate that continuous wave Dop•
pler recording provides a very accurate measure of maximal 
instantaneous gradient but a slight overestimation of peak 
to peak gradient. In addition, we have shown that mean 
aortic pressure drop may be obtained by planimetry of the 
Doppler spectral signal, and the resulting gradients correlate 
well with catheterization-derived mean pressure gradients. 
Thus, the continuous wave Doppler technique provides a 
reliable and accurate noninvasive method for assessing se•
verity of aortic stenosis. An estimate of peak to peak cath•
eterization gradient may be easily derived from the Doppler 
signal, by measuring the velocity at mid-systole. and thus 
provide a more familiar frame of reference for gradient 
assessment to those who have long used catheterization data. 
We gratefully acknowledge Darleen Chamberlain for her secretarial assis•
tance and Walton Robinson for his technical expertise. 
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